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Abstract 
 
The potential of plasma actuators for high-speed flow control has motivated significant 
recent research, particularly focusing on the physics and applications of localized arc filament 
plasma actuators (LAFPAs) and pulsed plasma jets.  In an effort to better understand the physics 
behind the effect that results in the flow actuation of these devices, the thermal properties of the 
plasma in a LAFPA were investigated by employing high-resolution, time-resolved and low- and 
intermediate-resolution, spatially-resolved spectroscopy.  The high-resolution, time-resolved 
experiments yielded a temperature history over the duration of a plasma pulse.  The rotational 
and vibrational temperatures of the N2 in the plasma were seen to rise significantly as the pulse 
progressed despite the most intense emission occurring at the early times in the pulse.  The low-
resolution, spatially-resolved experiments characterized the behavior of four key excited species 
in the plasma during a pulse:  atomic tungsten (W), NO, N2, and OH.  Significant spatial 
variation and evolving spectral features were demonstrated within the first microsecond of the 
pulse except at very high frequencies.  The intermediate-resolution experiments confirmed the 
temporal trends yielded by the high-resolution experiments with the rotational and vibrational 
temperatures rising significantly and abruptly after the early times in a pulse.  It was therefore 
demonstrated that temporal and spatial variations in the plasma must be taken into account to 
fully characterize the thermal behavior of these actuators.  Finally, to begin to characterize the 
effect of these plasmas on a supersonic flow and boundary layer, a pulsed plasma jet was 
injected into a Mach 3 cross-flow, and schlieren imaging experiments were conducted, indicating 
the formation of a weak bow shock propagating into the flow.  A disturbance in the boundary 
layer was observed in these images.     
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Chapter 1:  Introduction and Background 
 
1.1:  Introduction and Theoretical Background 
Active flow control has become a technique with tremendous potential for widespread 
application in aeronautics.  As aerospace vehicles continue to be driven toward unprecedented 
levels of speed and efficiency, there is a significantly growing need to exercise tighter control 
over the gas flow characteristics across aircraft surfaces.  Active flow control devices are most 
adept for meeting this need as they have the potential to adjust to changing flow conditions by 
means of a varying energy input determined by open- or closed-feedback control loops.
1
  With 
the ability to modify flow characteristics in real time, future aircraft would have the capability of 
optimizing aerodynamic performance, resulting in significant improvements in design and 
operation including more economic fuel consumption through improved lift and reduced drag, 
simplified wing design and reduced weight with the elimination of mechanical control surfaces, 
and faster cruise speeds at higher altitudes.
2
  These advanced capabilities are directly achievable 
through active micro flow control devices that manipulate fluid phenomena such as transition, 
turbulence, and flow separation.  There is a particular need for a robust flow control actuator that 
is capable of penetrating and affecting supersonic boundary layers.
3
 
There are several classes of micro-actuators under investigation for application as flow 
control devices on aerospace vehicles.  Many involve one of three techniques:  mechanical 
deflection of control surfaces, mass injection, and synthetic jets.
3
  Mechanical actuators typically 
affect a flow either by movement of a control surface or alteration of surface texture.  Examples 
of these types of actuators include Micro-Electro-Mechanical Systems (MEMS) flaps, electro-
active polymers, electro-active ceramics, and shape memory alloys.
3,4,5,6
  Mass injection 
actuators involve the expulsion of added mass into a flow; for example, combustion-driven jet 
actuators burn a gaseous fuel-air mixture inside a small chamber, which yields high pressures 
and subsequent mass expulsion through the chamber orifice into the flow.
3,7
  Synthetic jet 
actuators are fluidic control devices that typically utilize a piezo-electric diaphragm in a cavity 
connected to the surface of actuation by an orifice.  The diaphragm oscillates, initially decreasing 
the cavity volume and expelling gas and subsequently increasing the cavity volume to refill the 
cavity with gas.
3,8
  These synthetic jet devices transfer momentum to the external flow system 
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with zero net mass flow (ZNMF), which eliminates the need for an external supply of air or 
fuel.
9
  Despite the potential effectiveness of these various types of flow control actuators for 
subsonic applications, they each have significant limitations for supersonic flow control.  
Electro-active polymers and ceramics produce only a weak effect, and shape memory alloys have 
high power requirements and very limited life cycles.  MEMS-based actuators are highly 
complex and can be expensive.  Meanwhile, mass injection actuators require fuel sources and 
mechanical valves, and diaphragm-driven synthetic jets yield relatively low jet velocities that 
have minimal effect on supersonic flows.
9
  Therefore, an alternative active flow control device 
capable of adequately influencing supersonic boundary layers is needed.   
Over the past decade, much attention has been focused on energy deposition in the form 
of either surface or volume-filling plasmas as a promising method of supersonic flow control.  
Various types of plasmas have been explored for modification of both subsonic and supersonic 
flows, including DC and AC electric, RF, microwave, and arc discharges as well as laser-induced 
breakdown.
10
  Flow control applications for plasma actuators include viscous drag reduction and 
boundary layer separation control in low-speed flows as well as mixing enhancement, noise 
mitigation, shock modification, wave drag reduction, and boundary layer transition control in 
supersonic flows.
10,11,12
  Flow control using plasma actuators is typically achieved by means of 
three primary mechanisms:  electrohydrodynamic (EHD) interactions, magnetohydrodymanic 
(MHD) interactions, and volumetric gas Joule heating.
10
  EHD forcing is accomplished by the 
transfer of collisional momentum between charged particles in an electric field and the neutral 
ambient gas as a result of the electrostatic Coulomb force.  MHD forcing achieves a similar 
effect by applying an external magnetic field to charged particles to induce a Lorentz force.   
EHD plasma actuators are generally very energy efficient (with power consumption on 
the order of tens of Watts)
13
, requiring less power than the other forcing techniques.
10
  Recent 
research has been focused on the use of single dielectric-barrier discharge (DBD) actuators, 
which rely on the EHD forcing mechanism, to affect gas flows.  DBD-type actuators with 
asymmetric electrode/dielectric configurations have been demonstrated effective for low-speed 
flow control applications.
14
  However, they have a relatively weak actuation effect as 
characterized by low induced synthetic jet velocities, particularly when applied to high-speed 
flows.  In general, the primary limitation for the use of EHD forcing for flow control is the 
requirement for sustained high ion densities in the cathode sheath of the electric discharge.
10
  An 
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important parameter describing the strength of the EHD effect is the interaction parameter, which 
is defined as the ratio of the Coulomb force work to the flow kinetic energy.  The interaction 
parameter is determined by the formula  
    
   
 
   
  
     
   
   (1) 
where o is the dielectric permeability of vacuum, e the elementary charge, n+ the ion number 
density, E and Δφ the electric field and the potential difference across the space charge region, ρ 
the flow density, and U∞ the free stream velocity.  For the EHD forcing effect to be significant, 
this value must be on the order of unity.
15
  With typical ion (electron) number densities for 
atmospheric pressure surface plasma discharges on the order of       
        
 
   
 , a 
substantial EHD effect is exhibited on a free stream flow with a free stream velocity on the order 
of         
 
 
.  The influence of the EHD effect on the boundary layer is determined by the 
friction velocity  
   √   ⁄    √   ⁄   (2) 
where w is the shear stress on the wall and cf is the skin friction coefficient defined as    
      
 ⁄ , which is typically on the order of 10-3.  The EHD interaction parameter for the 
boundary layer is defined as 
    
   
√   ⁄
  (3) 
implying that the EHD effect on the boundary layer is significant at            
 
 
.  
Although plasma-induced flow reattachment has been demonstrated in these ranges, as the flow 
velocity increases, the EHD effect weakens significantly, and the dominant actuation mechanism 
becomes the Joule heating effect.  Any increase in the ion density of the glow discharge plasma 
to strengthen EHD effect on high-speed flows is severely inhibited by ionization instability 
development.
10
 
 MHD plasma actuators are subject to similar deficiencies for application to high-speed 
flows.  The MHD interaction parameter is defined as the ratio of the Lorentz force work to the 
kinetic energy of the flow and is shown mathematically as 
    
    
   
  (4) 
4 
 
where  is the electrical conductivity of the plasma, B the magnetic field, and L the length scale.  
For B  3 T, L  1 m, U∞  1000 m/s, and   0.1 mho/m (conductivity currently achieved in 
non-equilibrium air plasmas), the MHD interaction is only significant at very low flow density, 
ρ, on the order of 10-3 kg/cm3 (P  1 Torr).  The boundary layer MHD interaction parameter is 
the same as that for the EHD interaction defined in Equation 3, allowing for greater effect at 
higher pressures on the order of 30 Torr.  Nonetheless, the effectiveness of MHD forcing in high-
speed flow actuation is limited by the requirement for high sustained electrical conductivity in 
the plasma, which, as in the case of EHD forcing, is greatly inhibited by the development of 
ionization instability.
10
 
 In contrast, volumetric Joule heating of the gas by near-surface electric discharge plasmas 
has demonstrated tremendous potential for modifying high-speed flows.  Localized heating by 
pulsed high-energy electric discharge plasma actuators has been shown to have a significant 
impact on supersonic flows with effects including the formation of shock waves, separation, and 
large-scale structures.
16
  The rapid, near-adiabatic heating within a localized surface region 
results in an abrupt localized pressure jump that induces an artificial jet, which can be injected 
into a high Mach number cross-flow to modify the boundary layer and cause flow instabilities.
17
  
This effect was demonstrated by Menart et al.
18
 using a diffuse DC glow discharge with an input 
power of 50 W.  Menart showed that this discharge oriented in the streamwise direction with the 
cathode upstream could augment the local pressure in the vicinity of the cathode by 
approximately 10%.  It was subsequently shown through experimentation that surface pressure 
and global force on plasma-actuated surfaces increase linearly with input power.
18,14,16
  
Nonetheless, glow discharges are subject to instabilities, limiting their effectiveness to a 
maximum current on the order of a few hundred mA.  At much larger currents, the glow 
discharge transitions to a thermal arc discharge, which is much more effective in influencing 
supersonic flows.
16
  Leonov et al.
19,20
 demonstrated the effectiveness of significant power 
deposition using filamentary arcs; in these experiments, arc plasma filaments generated weak 
shock waves and induced separation in supersonic flows.
16,10
  
 DC electric arc discharges are self-sustaining plasmas that are driven by two primary 
mechanisms:  thermionic and field electron emission.
21
  Thermionic emission is the emission of 
electrons from a high-temperature metal surface due to accumulated thermal energy of electrons 
in the metal.  This phenomenon occurs at the hot cathode for typical arc discharge actuators.  
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Field electron emission involves the emission of electrons due to a strong electric field 
surrounding a cold cathode; electrons are able to overcome the potential energy barrier and 
escape the metal surface by the process of quantum-mechanical tunneling, also called the field 
emission effect.  This process occurs if the external electric field in the vicinity of the cathode 
reaches levels on the order of 10
6
 V/cm.  With a high cathode temperature and a substantial 
external electric field, the combined thermionic field emission effect sustains the current flow 
through the arc as electrons freely escape the surface of the cathode and flow to the anode.  The 
arc discharge – so-named because of its tendency to bow up in a horizontal electrode orientation 
due to high-temperature buoyancy effects – has much larger current densities over a smaller 
volume than a glow discharge.  The glow discharge cathode emits electrons due to positive ion 
impact on its surface, which does not produce nearly the same current that thermionic field 
emission yields.  The presence of this elevated current density in arc discharges produces much 
greater heating, particularly around the cathode, which both sustains the arc by the thermionic 
emission and contributes to the overall Joule heating of the ambient gas to induce flow 
actuation.
21
 
 The breakdown mechanism of electric arc discharges begins with an electron avalanche.  
A high electric potential is formed between the cathode and anode, causing a strong electric field 
to form near the cathode.  As electrons begin to emit from the cathode surface and flow toward 
the anode, they ionize the gas in the air gap, yielding more free electrons.  The resulting positive 
ions are attracted back to the cathode, causing the escape of even more electrons due to ion 
impact and subsequent heating.  For a glow discharge, when the electric field is strong enough 
for breakdown, the ignition of a self-sustaining current occurs as a result of sufficient ion 
bombardment of the cathode.  The heating caused by this bombardment is not sufficient to 
sustain thermionic field emission, and the low current is sustained simply by the electrons 
dislodged by ion impact.  This process is called the Townsend breakdown mechanism.  
However, for an arc discharge, the cathode heating reaches sufficient levels to initiate thermionic 
field emission, thus resulting in higher currents after the plasma breakdown.
21
 
The arc discharge generally consists of three distinct regions between the cathode and 
anode:  the cathode layer, positive column, and anode layer.  The cathode layer provides the high 
current necessary for electric arc operation by creating a positive space charge.  In this region 
near the cathode, positive ions attracted to the negatively-charged cathode impact the surface and 
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cause much of the cathode heating that triggers the escape of more electrons.  These ions also 
produce the strong electric field that induces field electron emission.  Similarly, in the anode 
layer, a negative space charge forms resulting in a small voltage drop to the anode.  The positive 
column is a quasi-equilibrium region that forms in between these two layers to complete the 
electrical circuit.  The plasma behavior and characteristics in the long positive column are 
independent of that in the cathode and anode layers.  They are largely determined by local 
process involving charged particle formation and loss due to the flow of electric current.  The 
bulk effect of Joule heating occurs in the positive column as a result of electron and molecular 
collisions and ionization processes.  In high-pressure arcs, the Joule heat released per unit length 
of the positive column is significant – on the order of 0.2 to 0.5 kW/cm.  It is this Joule heating 
that induces flow actuation.
21
    
 
 
A typical cycle for a near-surface DC electric arc discharge plasma actuator consists of 
three distinct stages:  energy deposition, gas discharge, and recovery.  During the energy 
deposition phase, a plasma discharge induced by a strong electric potential between an anode and 
cathode rapidly heats the gas in the vicinity of the electrodes.  This process typically occurs in a 
near-surface cavity or chamber with an orifice, and the electric discharge itself is short in 
duration relative to the other two stages.  In the ensuing gas discharge phase, the rapid localized 
heating leads to a corresponding increase in pressure that drives the gas to be expelled from the 
cavity or chamber, thus inducing a synthetic jet exiting the cavity or orifice.  As the gas expands, 
the cavity/chamber temperature and pressure decrease, and the depleted cavity/chamber is 
cooled, drawing in fresh air.  This refilling process completes the cycle and leaves the actuator 
ready for the initiation of another pulse.
22
  This entire process transfers momentum to the 
external flow with zero net mass flow (ZNMF), and pulsation of the electric discharge allows for 
repeated actuation for sustained flow modification. 
The use of DC electric arc discharge plasma actuators has several significant advantages 
over other plasma flow control devices.  Localized heating by arc discharges consumes a lower 
power budget than bulk heating by non-equilibrium glow discharge plasmas.  Arc discharges 
also do not require the use of high-power pulsed lasers, focused microwave beams, or electrodes 
that protrude into the flow.  Furthermore, unlike most plasma flow control devices, arc 
discharges are capable of operating at high pressures and are typically protected against being 
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swept downstream by high-speed flows as a result of the use of recessed surface cavities or 
chambers. 
Two promising actuator designs for application of electric arc plasmas to high-speed 
flows are investigated in the current work:  the localized arc filament plasma actuator (LAFPA) 
developed by Samimy et al.
17
 at The Ohio State University and the pulsed plasma jet based on 
the “SparkJet” developed by Cybyk et al.3 at The Johns Hopkins University Applied Physics 
Laboratory.  The LAFPA consists of two electrodes, an anode and a cathode, inserted through a 
surface exposed to the flow of interest with a small gap between them.  For high-speed flow 
control, the electrodes are positioned slightly below the surface in a cavity to prevent the plasma 
from being blown downstream from the surface.
10
  In this design, the electric arc discharge 
rapidly heats and pressurizes the air within the cavity to induce a synthetic jet that penetrates the 
flow immediately above the cavity.  
The concept of the “SparkJet” design was first introduced and developed by Grossman et 
al.
23
 in 2003.
24
  The original SparkJet design is a two-electrode actuator like the LAFPA; 
however, the electrodes protrude into a small chamber below the actuation surface rather than a 
recessed cavity.  The electric arc discharge occurs within this chamber, heating and pressurizing 
the gas and then expelling the gas into the external flow through a small orifice connected to the 
surface.  The SparkJet was redesigned by Cybyk et al.
3
 to consist of a three-electrode 
configuration with the addition of a high-voltage trigger electrode.  The trigger electrode 
introduces a preliminary kilovolt pulse that ionizes the air gap followed by the discharge of a 
capacitor across the main two electrodes.  This device only requires the capacitor to be charged 
to hundreds of volts whereas the two-electrode design requires an applied potential on the order 
of kilovolts.  This voltage reduction results in significant savings in power input and weight of 
the actuator system.  The design used in the current work is the same as that employed by Reedy 
et al.
24
 to study the resulting synthetic jet velocities in quiescent air.     
These actuator designs for high-speed flow modification could potentially be very 
effective for various applications in high-speed flow control, including minimization of turbulent 
jet instabilities, alteration of shock structures to minimize pressure drag, and use as virtual ramps 
for supersonic engine inlet control.
25
  Furthermore, it has been proposed to study the use of 
electric arc discharge plasma actuators to control aerodynamic forces on supersonic and 
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hypersonic aircraft, thus eliminating the weight and timescale issues associated with mechanical 
moving surfaces.
26
 
 
1.2:  Motivation for Current Work 
 The overarching goals of the current work is to deepen knowledge and understanding of 
the thermal properties associated with electric arc plasma actuators and to better characterize 
their effect on supersonic boundary layers.  Several experimental diagnostic techniques have 
been employed to achieve these goals, including emission spectroscopy, schlieren imaging, and 
particle image velocitmetry (PIV).  
In order to understand the effect of electric arc plasma actuators on a given flow field, 
particularly in high-speed flows, it is essential to understand and quantify the temporal and 
spatial temperature changes as well as the species formation history induced by the plasma and 
the resulting Joule heating effect.  Toward that end, emission spectroscopy has been employed to 
determine the temperature of the plasma as well as the species formation and decay within the 
plasma and around the electrodes in a LAFPA-type device.  Significant work has been completed 
using this technique by Utkin et al.
10
, Narayanaswamy et al.
27
, and DeBlauw et al.
25
  In the 
experiments conducted by Utkin and Narayanaswamy using the LAFPA and pulsed plasma jet 
(SparkJet), respectively, the emission spectra were captured over the entire plasma arc and over 
the entire plasma pulse (averaged over multiple pulses), thus yielding temperatures that are both 
spatially- and temporally-integrated.  Utkin explains that as a result of these experimental 
conditions, the inferred rotational and vibrational temperatures associated with the nitrogen N2 
second positive band system (C 3 – B 3) are likely to be weighted toward the maximum 
temperature present in the arc both spatially and temporally during the pulse.  The synthetic 
spectrum fit applied by Utkin to the experimental LAFPA spectrum yielded an equilibrium 
temperature of 1350 °C.  Narayanaswamy concludes, however, that the plasma temperatures are 
largely in a non-equilibrium state with wide differences between the measured rotational and 
vibrational temperatures associated with the N2 rovibronic states.  Rotational temperatures are 
shown to be on the order of 800 K whereas the vibrational temperatures are on the order of 3100 
K.  In addition, both Narayanaswamy and Utkin effectively demonstrated a consistent trend of 
increasing temperatures with increasing plasma pulse width.  Utkin notes a rapid increase in 
rotational temperature as the pulse-width is increased from 10 to 20 µs.  However, though these 
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experiments demonstrated a temperature rise with increasing pulse-width, any change in 
temperature over the course of a single pulse itself was not taken into account.  It was assumed 
that the extracted temperatures would be weighted toward the highest temperatures seen in the 
plasma both temporally and spatially. 
DeBlauw et al.
25
 sought to expand on these conclusions by accounting for temporal and 
spatial dependence in the determination of the rotational and vibrational temperatures inferred 
from emission spectroscopy.  DeBlauw et al. clearly show significant temporal variation of the 
spectra as the plasma evolves throughout the duration of a pulse.  The results indicate that there 
is an initial emission spike at early pulse times for which signal levels are relatively high.  At 
early times, spectra fit well to low rotational temperatures – several hundred degrees – and high 
vibrational temperatures – a few thousand degrees.  There was some evidence for increasing 
rotational temperatures at later times in the pulse.  In addition, the variation of the spectra with 
location in the plasma did not appear to be significant; therefore, it was inconclusively assumed 
that any spatial dependence of the spectra – and thus associated temperatures – is effectively 
negligible.  Nevertheless, the experiments conducted by DeBlauw et al. were at low resolution, 
and the rotational and vibrational temperatures, especially at later times, could not be well 
quantified due to significant noise levels. 
Therefore, one aim of the current work is to provide a more accurate description of the 
temporally- and spatially-resolved plasma thermal properties over the duration of a pulse using 
emission spectroscopy.  This goal was achieved using three separate sets of experiments.  First, 
high-resolution spectroscopy was employed to accurately quantify spatially-averaged 
temperatures at various time intervals in a pulse.  These high-resolution, temporally-resolved 
conditions were achieved by incorporating a rotating slotted wheel as an optical chopper in the 
experimental set-up to allow only emission from specific time intervals within the pulse duration 
to pass through the spectrometer.  As a result, the rotational and vibrational temperatures are 
resolved from these time intervals to characterize the change in temperature and the evolution of 
the non-equilibrium behavior of the plasma over the duration of a pulse.   
Second, to observe any potential spatial variation within a pulse, low-resolution 
spectroscopy was applied over a broad wavelength range to characterize species formation and 
decay over the duration of a pulse at several locations within the plasma.  Three general regions 
of interest were investigated:  the anode, the cathode, and the space in between.  The spectral 
10 
 
region captured in these experiments ranges from approximately 200 to 400 nm, ensuring that 
key molecular species in the plasma – namely nitrogen (N2) and nitric oxide (NO) – could be 
observed.  With knowledge of the species formation and behavior at the three specified regions 
of the plasma, a third set of spectroscopy experiments was conducted at a resolution intermediate 
to the previous two in order to obtain spatially-resolved rotational and vibrational temperatures at 
various times in a pulse. 
In addition to describing the thermal properties and behavior of the plasma, the second 
primary goal of the current work is to better characterize the effect of electric arc plasma 
actuators on supersonic boundary layers.  Toward this end, a pulsed plasma jet similar to the 
SparkJet design was applied to the boundary layer generated by a Mach 3 flow in a supersonic 
wind tunnel.  Similar experiments were conducted by Narayanaswamy et al.
27
 at the University 
of Texas at Austin.  The actuator design used in these experiments was a two-electrode 
configuration similar to the original SparkJet design by Grossman et al.
23
  Narayanaswamy et al. 
injected this pulsed plasma jet actuator normal to a Mach 3 flow and obtained phase-locked 
schlieren images of the maximum penetration of the jet into the tunnel boundary layer and flow.  
These images indicate the formation of a weak shock just upstream of the plasma jet with a 
transverse penetration of approximately 1.5δ into the Mach 3 flow.  In order to better 
characterize and understand this interaction, phase-locked schlieren imaging has again been 
applied to a three-electrode pulsed plasma jet injected normally into a Mach 3 boundary layer.  
Characterization of the pulsed plasma jet used in the current work has been completed in 
quiescent air by Reedy et al.
24
  PIV experiments were conducted yielding significant peak jet 
velocities issuing from the actuator orifice on the order of hundreds of m/s.  Peak velocities for 
the 0.25, 2, and 25-μF capacitor sizes tested were 130, 320, and 495 m/s, respectively.24  The 
current experiments seek to visualize and study the effect of these synthetic jets generated by a 
pulsed plasma jet on a Mach 3 flow. 
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Chapter 2:  Actuator and System Design 
 
2.1:  LAFPA 
The electric arc plasma actuator design used in the spectroscopy experiments is the 
localized arc filament plasma actuator (LAFPA)
17
.  The LAFPA design employed in the current 
work consists of two tungsten electrodes recessed into a near-surface cavity.  The two pin-type 
electrodes are 1 mm in diameter and are angled slightly toward one another such that they are 2 
mm apart within the cavity as shown in Figure 1.   
 
Figure 1:  LAFPA geometry 
The plasma is induced in this device by the generation of a high voltage between the two 
electrodes; a rapid increase in the electric potential between the electrodes results in the 
breakdown of the air into the electric arc plasma as current begins to flow across the gap.  The 
plasma arc is pulsed at a high frequency for consistent flow actuation.  The current system used 
to generate and control this actuation process is similar to that used by Samimy et al.
17
 and Utkin 
et al.
10
 for controlling high-speed jets.  The high voltage is generated by a Glassman High 
Voltage, Inc. DC power supply that is capable of producing up to 10 kV and 1 A.  The system is 
capable of incorporating up to eight LAFPA electrode pairs with corresponding liquid-cooled 
high-voltage Behlke MOSFET switches allowing for the pulsation of the plasma.  These 
switches are capable of pulsing at frequencies of up to 200 kHz with pulse-widths as short as 0.1 
μs.  A pulse generator with controllable TTL outputs is used to provide the signal inputs for 
operation of the switches.  Two high-power solid-body 15-kΩ ballast resistors are placed in 
series with the high-voltage switches with one resistor on either side of each switch.  These 
resistors serve to regulate the load on the power supply for each LAFPA.  The resistance can be 
  
 
2 mm 
1 mm 
5 mm 
   
  
  
Electrodes 
Air Gap 
Cavity 
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modified to achieve various currents so long as the current draw does not exceed the 1-A 
maximum imposed by the power supply.  Finally, a ceramic TDK Electronics FD-12AU 
capacitor (15 kV, 1 nF) is used to buffer the DC power supply and assist in achieving peak 
currents above 1 A for short durations.
25
  The entire system is shown schematically with a 
corresponding photograph in Figure 2.  However, for the current spectroscopy experiments, only 
one LAFPA was used occupying only one of the eight possible channels. 
 
 
Figure 2:  Schematic and photograph of LAFPA system25 
 
2.2:  Pulsed Plasma Jet (SparkJet) 
For the investigation of the effect of electric arc plasma actuators on a Mach 3 boundary 
layer, the pulsed plasma jet design used by Reedy et al.
24
 was employed.  Prior research utilizing 
the pulsed plasma jet (SparkJet) has generally involved either a two-electrode or three-electrode 
configuration to generate the arc discharge within a small chamber connected to the actuation 
surface by an even smaller orifice.  For the two-electrode design used by Grossman et al.
23
 and 
Narayanaswamy et al.
27
, a high electric potential must be generated between the anode and 
cathode – similar to the LAFPA – by a high-voltage power supply capable of producing kilovolts 
to induce the arc discharge.  Therefore, the primary difference between the two-electrode pulsed 
plasma jet design and the LAFPA design is the geometry surrounding the electrodes. 
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The design used in the current work is a three-electrode pulsed plasma jet.  The three 
electrodes include a high-voltage trigger electrode and grounded cathode made of ceriated 
tungsten as well as an iridium-plated automotive sparkplug tip for the arc-sustaining anode.  The 
iridium-plated sparkplug tip is used as the anode to mitigate corrosion and extend the lifecycle of 
the actuator.  The trigger electrode and cathode are 1 mm in diameter and are sharpened at the tip 
to a truncated cone shape.  The three electrodes are inserted into a small cylindrical chamber 
with a diameter of 4.76 mm and a height of 10.16 mm and are positioned on the same plane such 
that the trigger electrode is perpendicular to the anode and cathode.  The chamber volume is thus 
approximately 183 mm
3
, and the orifice diameter is 0.83 mm.  The spacing between the trigger 
electrode and the cathode was set to approximately 0.2 mm while the spacing between the anode 
and the cathode was set to approximately 0.72 mm.  This spacing was determined empirically by 
Reedy et al.
24
 to maximize plasma breakdown consistency and minimize electrode corrosion.  
The geometry of the design is shown in Figure 3 below. 
 
Figure 3:  Pulsed plasma jet design and geometry used by Reedy et al.24 
The actuator design consists of two electrical circuits:  a high-voltage/low-current trigger 
circuit and a low-voltage/high-current arc-sustaining circuit.  The trigger electrode is connected 
to an ignition coil powered by an Information Unlimited Ignitor10 high-voltage generator, which 
outputs up to 22 kV at a low amperage.  This power supply produces a low-energy spark across 
the air gap between the trigger electrode and the cathode, which creates an envelope of ionized 
gas between the anode and the cathode.  The presence of this ionized gas activates the second 
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circuit in which a continuously-charged capacitor discharges, forming a high-current electric arc 
between the anode and the cathode.  The capacitor is connected to the anode and is continuously 
charged by an Acopian U500Y20 DC power supply with an unregulated nominal 500-V, 0.2-A 
output.
24
  A 3.3-kΩ resistor is placed in series with the DC power supply to limit the capacitor 
charging current.  These circuits are shown schematically in Figure 4. 
 
Figure 4:  Pulsed plasma jet (SparkJet) circuit schematic24 
The frequency of the pulsed discharge is controlled by the high-voltage trigger since the 
generation of high-voltage spark is what induces the arc breakdown between the anode and the 
cathode.  Furthermore, the energy deposition of the discharge can be controlled by varying the 
size of the capacitor.  This three-electrode design also has the significant advantage over the two-
electrode design that its power consumption can be substantially reduced.  The bulk electrical 
power required to trigger and sustain the plasma arc via the capacitor charge-discharge cycle can 
be lowered as long as the high-voltage trigger provides sufficient ionization in the air gap to 
induce breakdown.
24
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Chapter 3:  Experimental Set-up and Methods 
 
3.1:  LAFPA High-Resolution Spectroscopy 
 For the high-resolution, temporally-resolved experiments, the light emitted by a single 
LAFPA was passed through a custom 1.52-m f/12 Czerny-Turner spectrometer containing a 
3600 gr/mm, 100 x 100-mm diffraction grating, which directed it into a 1024 x 255-pixel back-
thinned and deep-cooled Andor iDus DU420A CCD camera.  Due to the electromagnetic 
interference produced by the plasma discharge, the spectrometer and camera were located two 
rooms away at a distance of approximately 9 m from the LAFPA.  Light emitted by the plasma 
was collimated and directed through two walls to the room containing the spectrometer by a 
spherical lens.  A system of two plane mirrors was used to reflect the collimated light such that it 
aligned with the spectrometer slit.  Though the spectrometer is fully stigmatic, the signal on the 
chip was binned vertically in the spatial direction to increase signal to noise ratio.  Therefore, no 
spatial information was obtained from these spectra. 
 These high-resolution experiments analyzed the emission from the nitrogen N2 second 
positive system (C 
3 – B 3) in the v = -2 band sequence around 380 nm.  Figure 5 displays a 
broad emission spectrum from the LAFPA with the dominant N2 second positive system clearly 
shown and the v = -2 band sequence marked.  The spectral resolution was approximately 0.008 
 Figure 5:  LAFPA emission spectrum 
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nm FWHM.  Each spectrum covered a range of 3.2 nm, and, for most experiments, two regions 
were analyzed for each case: the 378-381 nm region covering the bulk of the (0-2) band, and the 
375-378 nm region covering the tail of the (0-2) band and the head of the (1-3) band.  In this 
approach, the spectra could be fit to accurate rotational temperatures, and resolving two band 
heads allowed an estimation of the distribution of population in the first two vibrational levels. 
 In order to obtain high-resolution, time-resolved emission spectra, a rotating wheel 
containing nine slits was used as an optical chopper to selectively allow emission from specific 
time intervals in a plasma pulse into the spectrometer.  This optical chopper was placed in 
between the system of mirrors and the spectrometer slit along with two spherical lenses, one on 
each side of the wheel.  The first lens focused the collimated light from the mirror system onto 
the chopper such that when one of the nine wheel slits was aligned with the spectrometer slit, the 
focused light emission would pass through that slit.  The second lens was positioned to refocus 
the diverging light after the wheel slit onto the spectrometer slit.  The entire experimental set-up 
is shown schematically in Figure 6. 
 
Figure 6:  (a) Front view of the optical chopper (rotating slotted wheel) in motion  (b) Top view 
schematic of high-resolution, time-resolved emission spectroscopy experimental set-up 
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The optical chopper is 11.3 cm in diameter, and 
the slits are located radially at equal intervals of 40°.  A 
DC electric motor was used to rotate the wheel to achieve 
the desired frequencies for alignment with the 
spectrometer slit.  The wheel and motor are shown in the 
set-up in Figure 7.  It was determined empirically that 5.2 
V applied to the motor yielded the desired 1 kHz pulse 
frequency.  
The LAFPA plasma pulse was triggered using a 
continuous-beam laser pointer.  The laser was positioned 
such that it would pass through a given rotating wheel slit 
just before that same slit aligns with the spectrometer slit.  
A photodiode was placed on the opposite side of the slotted wheel from the laser to detect the 
laser light and send the signal to a Quantum Composers 9514+ pulse/delay generator.  This 
signal was then used to initiate the plasma pulse with an imposed delay to permit only certain 
time intervals from the plasma pulse emission to pass through the wheel and into the 
spectrometer.  As seen in Figure 6(a), the delay generator was used to control the time interval 
between when the laser strikes the photodiode through a slit and different portions of that slit are 
aligned with the spectrometer slit.  At a pulsing frequency of 1 kHz, this allowed for an 
approximate 4-μs gate-width resulting in roughly five distinguishable time intervals in a 20-μs 
plasma pulse.  The time delays used to achieve these intervals were set by monitoring the signal 
generated by an avalanche photodiode placed directly behind the optical chopper in line with the 
spectrometer slit.  
 
3.2:  LAFPA Low- and Intermediate-Resolution Spectroscopy   
For the low-resolution, spatially-resolved experiments, the LAFPA was positioned such 
that the two electrodes were oriented vertically.  The light emitted by the plasma arc was 
collimated, and the image was focused, using two fused silica plano-convex lenses, onto the 
entrance slit of a Jobin Yvon CP140-1604 imaging spectrograph.  The spectrum was recorded by 
a 512 x 512-pixel Roper Scientific Extended Blue PI-Max 2 intensified CCD camera, which 
provided spectral coverage of the 200-400 nm region with approximately 1 nm resolution.  
Figure 7:  Optical chopper 
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Spatial resolution at the source was approximately 33 microns/pixel.  Figure 8(b) displays this 
set-up schematically, and Figure 9 shows the geometry and orientation of the LAFPA. 
 
 
Figure 8:  (a) Spectrometer and camera for low-resolution, spatially-resolved spectroscopy 
experiments  (b) Top view schematic of experimental set-up 
 
Figure 9:  Geometry and orientation of the LAFPA for the low-resolution spectroscopy experiments 
 The PI-Max intensified CCD camera is capable of gate-widths on the order of tens of 
nanoseconds, which allowed for the resolution of very short time intervals during and 
immediately following a plasma pulse.  A Quantum Composers 9514+ pulse/delay generator was 
again used to send a TTL signal to the LAFPA system to initiate the plasma pulses at the 
frequencies and pulse-widths of interest.  Since the time between the input signal from the pulse 
generator and the actual plasma breakdown between the electrodes exhibited fluctuations on the 
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nanosecond scale, an Agilent 1000:1, 30 kV, 50 MHz high-voltage probe was used to trigger the 
camera gate off of the abrupt voltage drop that occurs as the plasma forms.  This effectively set 
the reference time in a pulse to the point at which the plasma breakdown occurs.  The internal 
gate delay on the camera was then used to march through a pulse.  This timing mechanism was 
not effective, however, at the two high-frequency cases investigated (5 kHz and 10 kHz).  At 
these high-frequency cases, the time from TTL signal input to plasma breakdown was much 
more consistent and exhibited a very minimal tendency to fluctuate.  Therefore, a second TTL 
signal from the pulse generator was used to trigger the camera with a set internal delay 
equivalent to the signal input to breakdown time.  Once again, the internal gate delay for the 
camera was then used to march through a pulse.  At each delay time, image accumulations were 
obtained over multiple pulses. 
 For the intermediate-resolution, spatially-resolved experiments, the overall experimental 
lay-out was very similar to that for the low-resolution experiments.  The spectrometer employed 
was a SPEX 270M rapid scanning imaging spectrograph containing an 1800 gr/mm diffraction 
grating.  The image was detected by the same PI-Max intensified CCD camera used for the low-
resolution experiments, and the timing mechanism implemented the pulse generator was also the 
same.  The experimental set-up is shown in Figure 10(b). 
 
Figure 10:  (a) Spectrometer and camera for intermediate-resolution, spatially-resolved spectroscopy 
experiments  (b) Top view schematic of experimental set-up 
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3.3:  Pulsed Plasma Jet Actuation of Mach 3 Cross-Flow 
 To investigate the effect of the pulsed plasma jet on a Mach 3 boundary layer and cross-
flow, the bottom piece of a supersonic 2.5 x 2.5-in wind tunnel test section was modified to 
contain the pulsed plasma jet geometry employed by Reedy et al.
24
 with the jet orifice flush with 
the bottom surface of the tunnel.  The bottom piece is made of translucent acrylic and was 
precision machined to receive a tiered Teflon cylinder containing the cavity geometry specified 
in Figure 3 with three grooves extending away from the cavity to receive the three electrodes.  
The upper cylinder of the Teflon piece containing the pulsed plasma jet cavity is 19 mm in 
diameter.  The cavity is contained within the upper cylinder with the 0.83-mm orifice diameter 
connecting the chamber to the bottom tunnel surface.  The two streamwise grooves extend 34 
mm away from the center of the cavity while the lateral groove extends 17 mm.  The modified 
tunnel bottom piece is shown in Figure 11(a) below with the three electrodes secured by three set 
screws as seen in Figure 11(d).  The grooves are clearly seen in Figure 11(c).   
 
Figure 11:  (a) Modified wind tunnel bottom in the test section  (b) Side view of bottom piece  (c)  Top 
view of bottom piece  (d) Bottom view of bottom piece 
(a) (b) 
(c) (d) 
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For the schlieren imaging experiments to show the injection of the pulsed plasma jet into 
a supersonic cross-flow, the Mach 3 wind tunnel boundary layer was first characterized to 
establish the baseline flow with which to compare the actuated flow.  To accomplish this, phase-
locked schlieren images and PIV data were taken of the Mach 3 flow.  For this preliminary work, 
both the schlieren and PIV images were taken using a high-resolution Cooke Corporation PCO. 
1600 (1600 x 1200 pixel) CCD camera.  The schlieren imaging was accomplished with a typical 
Z-type configuration consisting of a red flashing LED as the light source, two 7.625-in diameter 
parabolic mirrors with focal lengths of 63.625 in and 64 in, a knife edge, and a C-mounted Nikon 
Nikkor 70-300 mm zoom camera lens.  This set-up is shown schematically in Figure 12(a). 
 
Figure 12:  (a) Top view of experimental set-up for schlieren imaging experiments  (b) Photograph of 
arc nanopulser light source for actuation experiments  (c) Photograph of camera set-up for schlieren 
experiments 
 For the preliminary boundary layer PIV data acquisition, the laser sheet was directed 
vertically into the wind tunnel test section through an unmodified translucent Plexiglas tunnel 
test section bottom.  A Nd:YAG laser was used to provide a 532-nm light output, which was 
directed by a set of dichroic plane mirrors and shaped into a focused thin sheet by a spherical and 
a cylindrical lens.  This thin laser sheet was focused just above the bottom surface of the wind 
tunnel test section to illuminate the PIV particles in and just above the Mach 3 boundary layer 
forming on the surface.  The spherical and cylindrical lenses were positioned in the streamwise 
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direction below the wind 
tunnel, and the resulting laser 
sheet was projected vertically 
into the test section by a 
dichroic plane mirror placed 
directly below the transparent 
bottom of the test section.  This 
experimental set-up for the 
preliminary PIV is shown in 
Figure 13. 
 For the boundary-layer 
characterization experiments 
using both schlieren and PIV, 
the stagnation pressure was 
measured by a pitot tube placed 
just upstream of the tunnel 
nozzle, and the test section 
static pressure was measured 
by a pressure port in the tunnel 
ceiling.  The stagnation 
temperature was obtained by 
inserting a thermocouple into 
the flow just upstream of the 
nozzle. 
 The experimental set-up for the phase-locked schlieren imaging experiments with 
actuation was nearly identical to that for characterizing the non-actuated Mach 3 flow.  The 
experimental lay-out was exactly the same (in a Z-type configuration) and is shown 
schematically in Figure 12(a).  For the actuation experiments, a Xenon Corp. M-437B 
Nanopulser with a spark duration of approximately 20 ns was used for the light source in place 
of the LED to achieve greater light intensity for high-sensitivity results.  The nanopulser is 
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shown in Figure 12(b) in the schlieren set-up.  The schlieren images were again acquired using 
the PCO. 1600 CCD camera. 
 A Quantum Composers 9514+ pulse/delay generator was used to control the timing for 
the actuation experiments, triggering the pulsed plasma jet, the camera, and the nanopulser.  For 
these experiments, the pulsed plasma jet was pulsed at a very low frequency of 1 Hz to capture 
the behavior of single-pulse jets in the Mach 3 cross-flow.  The initial TTL signal for each pulse 
was sent to the high-voltage power supply for the pulsed plasma jet, causing the high-voltage 
trigger to arc to the cathode and a subsequent plasma breakdown as a result of the capacitor 
discharge.  Next, a TTL signal was sent to the camera to trigger the shutter.  A 5 to 10-μs delay 
was imposed on the camera shutter to ensure that no inadvertent nanopulser fires due to 
electromagnetic interference were detected by the camera.  The camera exposure time was set to 
250 μs for all plasma actuator delay times in order to detect the light from the nanopulser at any 
given time.  The delay on the signal sent to the nanopulser was varied throughout the 
experiments to capture the time progression through the pulsed plasma jet actuation event.  Two 
Agilent N2771A high voltage probes were used to monitor the voltage from the high-voltage 
trigger and the capacitor discharge upon plasma breakdown. 
 In conjunction with the schlieren image acquisition, voltage traces were recorded for the 
three capacitor sizes investigated.  Two Agilent 1000:1, 30 kV, 50 MHz high-voltage probes 
were used to monitor the high-voltage trigger and capacitor voltage for each single-pulse 
discharge.  A Pico Technology PicoScope 4424 PC oscilloscope was used to monitor and acquire 
these voltage traces.  
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Chapter 4:  Results and Discussion 
 
4.1:  LAFPA High-Resolution Spectroscopy 
 High-resolution, time-resolved emission spectra were obtained for three different LAFPA 
operating conditions.  The baseline case was pulsed at a frequency of 1 kHz with an electrical 
current of 0.25 A.  The other two conditions involved a variation of plasma pulse frequency at 
500 Hz (with the baseline current held constant at 0.25 A) and a variation of current at 1 A (with 
the baseline frequency held constant at 1 kHz).  All conditions maintained a plasma pulse-width 
of 20 µs.  For each case, the emission spectra were captured at five time intervals of 
approximately 4 µs throughout the plasma pulse duration. 
 As mentioned earlier, these high-resolution experiments were focused on the emission 
from the v = -2 band sequence around 380 nm within the N2 second positive system 
characterized by the C 
3 – B 3transition.  The two regions captured – the 378-381 nm region 
covering the bulk of the (0-2) band and the 375-378 nm region covering the tail of the (0-2) band 
and the head of the (1-3) band – were merged together to form one spectrum for each time 
interval covering both band heads.  These spectra were then fit to accurate rotational 
temperatures with the resolution of the two band heads yielding the population distribution of the 
first two vibrational levels and, thus, an estimation of the vibrational temperatures.   
To quantify the rotational and vibrational temperatures associated with each time interval, 
synthetic spectra based on a theoretical model characterizing the electronic transitions of 
diatomic molecules and atoms were fit to the experimental data.  These synthetic spectra were 
generated by a code developed by Professor Nick Glumac at the University of Illinois at Urbana-
Champaign based on the methods outlined by Arnold et al.
28
 at the NASA Ames Research 
Center.  The theoretical model developed by Arnold et al. is based on the one-dimensional 
equation of radiative transfer describing the interaction of the emission radiation and the particles 
constituting the gas.  This equation is shown below. 
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Equations 5 and 6 yield the gradient of the specific spectral intensity,    (W/cm
2
-μ-sr), along a 
given distance x measured from the boundary of the emitting gas.  In these equations,    is the 
absorption coefficient (cm
-1
),    is the Planck black-body function (W/cm
2
-μ-sr), and   
  is the 
absorption coefficient corrected for stimulated emission (cm
-1
) as defined by Equation 7. 
  
    *     ( 
  
   
)+  (7) 
The radiative transfer equation expressed by Equation 5 consists of three distinct terms.  The first 
term represents the contribution of spontaneous emission and is independent of the specific 
intensity.  The second term corresponds to the induced emission contribution, and the final term 
represents the process of absorption.  Integrating Equation 6 over x yields 
     ( )      (   
  )    
     (   
  )  (8) 
where   is the geometric path length (cm) and   
  is the specific intensity incident on the gas 
boundary (W/cm
2
-μ-sr).  This equation yields the spectral intensities necessary to produce the 
synthetic spectra for the N2 emission. 
 Equation 8 indicates that the absorption coefficient   
  is needed to effectively generate 
the spectral intensities for the synthetic spectrum fit at each time interval.  This absorption 
coefficient is related to the spectral intensity due to spontaneous emission by Equation 9 
(Kirchhoff’s equation). 
  
  
  
  
 (9) 
The methodology developed by Arnold et al. ascertains the spontaneous emission spectrum,   , 
by summing the spectral contributions from all rotational and atomic lines within the spectral 
range of consideration.  The spectral points for the synthetic fit are defined at equal intervals 
(Δλ) much smaller than the narrowest anticipated line-width, and   
  is then calculated for each 
point by Equation 9.  Finally, Equation 8 is used to generate the synthetic spectrum for a given 
gas/plasma depth and incident radiation source. 
 To compute the spontaneous emission spectrum,   , the center-line wavelength (   ), 
integrated line intensity due to spontaneous emission, and appropriate line profile for each 
rotational line need to be determined.  The center-line wavelength is calculated by summing the 
vibrational, rotational, and electronic energy contributions based on the    and    transitions.  
The integrated line intensity is determined based on several parameters characterizing the 
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rotational lines, namely the upper energy state population and the line intensity factor, including 
the upper-state rotational degeneracy.  Finally, the line profiles are constructed in the form of a 
Gaussian or Lorentzian profile for each rotational transition.  The detailed calculations are 
described by Arnold et al. 
 If the spectral conditions are assumed optically thin, the synthetic spectrum can be 
generated directly by the spontaneous emission spectrum,   .  In the optically thin limit as 
  
    , Equation 8 is reduced to the following. 
     
    ( )    
        
  (10) 
However, it was discovered in the current work that the plasma arc emission does not completely 
behave as an optically thin system, particularly at the later times in a plasma pulse.  Optical 
depth was not taken into account for these high-resolution fits, but it was shown to have an 
influence on the rotational temperatures in the intermediate-resolution data.   
Figure 14 displays the spectra and associated N2 rotational and vibrational synthetic 
temperature fits for the baseline case as a temporal progression through the 20-μs plasma pulse.
  
Figure 14:  Emission spectra and N2 synthetic temperature fits for the baseline case (1 kHz, 0.25 A) at 
five time intervals over a 20-μs plasma pulse 
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The spectra are highly-resolved and indicate significant changes over the life of the plasma.  At 
the early times in the pulse, the emission intensity is relatively high, and the rotational 
temperatures are fairly low, leading to sharp band heads.  As time increases, the rotational 
populations shift markedly to higher J levels, making the intensity of the peaks more uniform 
throughout the band sequence.  This change indicates a significant rise in rotational temperature 
over the duration of a plasma pulse.  The intensities of the two vibrational peaks also converge as 
time progresses, implying an increase in vibrational temperature over the pulse as well. 
Figure 14 also shows that the intensity of the emission as a whole drops off over time, 
indicating that the most intense emission occurs at the earliest times in the pulse, closer to the 
voltage breakdown inducing the plasma.  However, as seen in Table 1 and Figure 15 below, both 
the rotational and vibrational temperatures indeed rise significantly from the early to late times in 
the pulse.  This observation implies that the time-integrated emission spectroscopy methods 
employed in previous work do not fully capture the temperature characteristics of the plasma.  
Time-integrated methods are purportedly capturing spectra that are dominated by the emission 
intensity of the early pulse times and thus yielding temperatures that are dominated by those 
times.  However, the temperatures associated with the plasma are significantly higher at the later 
times, indicating that the Joule heating effect and associated flow modifications are dominated 
by the later times in the pulse.  The uncertainty associated with these temperature values is 
estimated to be ±300 K based on the code used to generate the synthetic temperature fits. 
 
Table 1:  Rotational, vibrational, and tungsten electronic temperatures for baseline conditions (1 kHz, 
0.25 A) 
Approximate 
Time Interval 
(µs) 
Center Time 
(µs) 
Rotational 
Temperature (K) 
Vibrational 
Temperature (K) 
Electronic 
Temperature (K) 
0-4 2 678 3288 n/a 
4-8 6 830 2718 7100 
8-12 10 1778 4005 6114 
12-16 14 4088 6388 5639 
16-20 18 4168 6375 5559 
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Figure 15:  Temperature plot over the duration of a 20-μs pulse for the baseline case (1 kHz, 0.25 A) 
In addition to the N2 rotational lines densely dispersed throughout the spectra, the 
presence of atomic tungsten (W) emission lines was observed at several wavelengths as a result 
of ablation from the surface of the tungsten electrodes supplying high voltage to the LAFPA.  
These tungsten lines were identified and removed from the spectra to keep them from affecting 
the N2 rotational and vibrational temperature fits in Figure 14.  At the latter four time intervals, 
several of the tungsten lines had sufficient energy spacing to extract an electronic temperature for 
the system using a Boltzmann plot produced by the equation 
  (
   
     
)      (
  
  
)    (11) 
where PD is the power density determined by peak integration, λ is the peak center wavelength, 
gj is the upper-energy state degeneracy, Aji is the Einstein coefficient for the energy transition 
from the upper-energy state j, to the lower-energy state i, K is a constant, k is the Boltzmann 
constant, and Ej is the energy of the upper state.  The tungsten peaks and associated Boltzmann 
plot used for the latest time interval in the baseline case are shown in Table 2 and Figure 16, 
respectively.  The electronic temperatures for the baseline configuration are displayed in Table 1 
and are plotted in Figure 15. 
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Table 2:  Tungsten peaks used to determine the electronic temperature for the 16-μs to 20-μs time 
interval at baseline conditions (1 kHz, 0.25 A) 
Wavelength 
(nm) gjAji 
Power Density, PD  
(Peak Integrated Area) ln(PDλ/gjAji) 
Upper-State 
Energy (cm-1) 
Upper-State 
Energy (J) 
375.7919 7.4440E+06 0.003740067 -15.4825 31432.91 6.24395E-19 
376.0123 9.6720E+06 0.005806673 -15.3039 29912.85 5.94200E-19 
376.8445 6.2290E+06 0.008847971 -14.4405 28198.90 5.60154E-19 
376.9866 5.2880E+07 0.002530068 -17.8308 41978.62 8.33879E-19 
377.3704 1.0056E+08 0.004024755 -18.0083 40269.35 7.99926E-19 
378.0773 1.0490E+07 0.012133659 -14.6426 29393.40 5.83882E-19 
 
 
Figure 16:  Boltzmann plot for the 16-μs to 20-μs time interval at baseline conditions (1 kHz, 0.25 A) 
With the addition of the electronic temperatures, Figure 15 confirms that significant non-
equilibrium is present in the plasma at early times as evidenced by the wide variations in 
temperature among the rotational, vibrational, and electronic modes.  However, the time-
resolved results also indicate that as the plasma pulse progresses, the three temperatures tend 
toward convergence.  Even as the rotational and vibrational temperatures rise with time, there 
appears to be a progression toward an equilibrium state, leveling off in the vicinity of the 
tungsten electronic temperatures. 
Figure 17 and Figure 18 below display the temperatures yielded by the synthetic model 
fits for the 500-Hz and 1-A cases, respectively.  The trend in the spectral progressions for these 
cases is very similar to that followed by the plasma in the baseline case as seen in Appendix A:  
the rotational lines rise in prominence relative to the two vibrational bands, and the associated 
temperatures increase substantially as the pulse progresses. 
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The emission intensities and temperatures for the 500-Hz case are generally lower than 
those for the baseline case within the same time intervals.  This result is expected since the duty 
cycle of the 500-Hz case is half that of the baseline case; therefore, the cumulative plasma 
discharge time is half that of the baseline case.  This difference results in lower temperatures due 
to greater relaxation of the energy modes and cooling of the LAFPA cavity and electrodes 
between pulses.  There is a greater amount of time between pulses for the cavity to refill with 
cooler ambient air. 
 
 
Figure 17:  Temperature plots over the duration of a 20-µs pulse for the 500-Hz, 0.25-A case compared 
to the baseline case 
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Figure 18:  Temperature plots over the duration of a 20-µs pulse for the 1-A, 1-kHz case compared to 
the baseline case with highly uncertain temperatures indicated by outlined data points 
In contrast, at the elevated current of 1 A, the resulting plasma emission is at a 
significantly greater intensity than for the other two cases as seen in Figure A.2 and Figure A.3.  
The flow of more current causes a greater excitation of N2 molecules into their upper energy 
states.  As more free electrons flow through the plasma, the probability and frequency of electron 
impact on molecular species greatly increases.  The induced electronic and vibrational excitation 
from electron impact thermalizes, leading to higher temperatures in all energy modes.  
However, due to the higher temperatures exhibited in the plasma, the N2 spectra were 
also heavily convolved with atomic lines increasing in prevalence over the duration of the 20-µs 
pulse as seen in Figure A.2.  Most of these atomic lines were easily identified as tungsten, though 
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with much greater intensity than for the other two experimental conditions.  At the higher current 
condition, more electrons are incident upon the anode causing greater ablation of tungsten from 
the anode surface into the plasma and the tungsten on the electrode surfaces is more easily 
dislodged due to increased heating of the cathode and anode.  The increase in density of atomic 
spectral lines as time progresses can be attributed to the increasing plasma temperature.  Due to 
the significant presence of atomic lines convolved with the N2 rotational bands, the rotational 
and vibrational temperature fits for the latest two time intervals as well as the vibrational 
temperature fit for the 8-12 µs time interval have a much higher degree of uncertainty than for 
the earlier time intervals and are indicated by outlined data points in Figure 18. 
 
4.2:  LAFPA Low- and Intermediate-Resolution Spatial Spectroscopy 
Low-resolution, spatially-resolved spectra were obtained at various times throughout a 
plasma pulse to characterize species formation and predominance at different locations within 
the LAFPA.  Spectral processing and analysis was focused on three regions of interest:  the 
spaces in the vicinity of the cathode, the gap between the two electrodes, and the vicinity of the 
anode.  The spectral range investigated in these experiments was from approximately 200 to 400 
nm to effectively observe the formation and behavior of the various molecular and atomic 
species apparent in Figure 5.  Data were obtained for the same three cases as for the time-
resolved experiments with the baseline case designated as 1 kHz, 0.25 A with a 20-µs pulse-
width.  However, since the variation of parameters was not limited by the optical chopper for 
these experiments, several additional cases were taken as well.  Table 3 summarizes all of the 
cases investigated in the low-resolution, spatial spectroscopy experiments. 
Table 3:  Cases investigated in low-resolution, spatial spectroscopy experiments 
Case Frequency  Current  Pulse-width 
1 (Baseline) 1 kHz 0.25 A 20 µs 
2 500 Hz 0.25 A 20 µs 
3 1 kHz 1 A 20 µs 
4 5 kHz 0.25 A 20 µs 
5 10 kHz 0.25 A 20 µs 
6 1 kHz 0.25 A 10 µs 
The spectra for the baseline case at four representative times in a pulse are displayed in 
Figure 19.  These spectra not only provide a qualitative indication of the spatial differences 
within the LAFPA as the plasma evolves, but they also show distinctive changes in the plasma 
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temporally within the first microsecond of the pulse and as the pulse ends.  The evolution of four 
excited species within the plasma is apparent in these spectra:  atomic tungsten (W), N2, NO, and 
OH.  The spectra in Figure 19 are displayed with normalized intensity; the actual integrated 
intensity change over time for the four species is shown in Figure 20 and Figure 21. 
There is significant spatial variation within the first microsecond (1000 ns) of the pulse.  
The earliest and most intense emission occurs at the anode with the predominance of atomic 
tungsten lines and trace indications of NO, N2, and OH.  At these early times, electrons begin to 
flow across the air gap and impact the cold anode, resulting in the ablation of tungsten.  This 
ablated tungsten emits more strongly than the ionized molecular species in the nascent plasma 
forming in all three regions.  Tungsten emission is not apparent in these spectra at the cathode or 
in the middle region.  At the cathode, the electrons are initially dislodged by the transfer of 
energy caused by ion bombardment and simply escape the surface without dislodging the 
conducting tungsten.  In addition to the tungsten emission, the NO, N2, and OH emission 
intensities are much greater at the anode than at the other two regions.  As the pulse times 
progress, NO, N2, and OH in all three regions rise in relative intensity compared to the tungsten 
emission.  As Figure 20 indicates, however, the emission intensity of all four species diminishes 
significantly within the first 500 ns, confirming the conclusion made in the high-resolution, time-
resolved experiments that the greatest emission intensity occurs at the earliest times in the pulse. 
By 1000 ns, only a few trace tungsten lines remain as a spatially consistent spectral 
structure begins to stabilize.  From just after 1000 ns until the end of the 20-µs pulse, the 
tungsten has largely ceased to emit, and the NO, N2, and OH vibrational and rotational structures 
are nearly identical across all three regions as seen at 2000 ns in Figure 21.  As the pulse 
progresses, the electrodes are heated, and thermionic field emission becomes the dominant 
mechanism sustaining the arc rather than the initial ion bombardment on the cathode.  Spatial 
variation is no longer significant at these times in the pulse; Figure 21 indicates that even relative 
intensity is fairly consistent across the three regions with somewhat weaker emission at the 
cathode.  The tungsten emission diminishes and ceases as the plasma begins to stabilize, and 
electrons flowing across the electrode gap interact with the molecular species in the plasma, 
losing energy through ionization reactions before they impact the anode.
29
  This depleted-energy 
impact is not enough to cause tungsten ablation. 
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l – W l – NO l – N2 l – OH 
Figure 19:  Emission spectra for the baseline case (1 kHz, 0.25 A, 20-µs pulse-width) resolved 
spatially into three regions – the cathode, middle region, and anode – at four times within and after 
the 20-µs pulse   
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Figure 20:  Integrated intensity of the baseline case spectra over the first 500 ns 
of the pulse   
Figure 21:  Integrated intensity of the baseline case spectra over the entire 20-µs pulse with 
lingering OH emission after the pulse 
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Figure 21 shows a steady decline in intensity beginning at approximately 15 µs through 
the end of the pulse where all molecular species cease to emit except for OH.  OH emission 
lingers well after the 20-µs pulse has ended due to its mode of emission in the plasma.  Whereas 
NO and N2 emit due to electronic modes activated by their upper-state populations induced by 
electron impact, the OH emission is a direct result of thermal activation.  Therefore, when the 
plasma pulse ends, the NO and N2 emission ceases without any electrons flowing across the 
electrode gap.  However, lingering thermal effects result in a residual OH emission with steadily 
decreasing intensity. 
Nearly all of the cases investigated in these experiments exhibited the same or similar 
behavior as the baseline case with varying degrees of intensity.  Just as in the high-resolution, 
time-resolved experiments, the 500-Hz case yielded lower intensity emission and the 1-A case 
yielded higher intensity emission.  In addition, the NO and N2 emission in the 1-A case lingered 
just a few microseconds beyond the end of the pulse due to the greatly elevated plasma 
temperature.  The spectra for the remaining cases are shown in Appendix B. 
Only the 5-kHz, 10-kHz, and 1-A cases deviated significantly from the general trends 
observed for the baseline case.  At the higher frequencies, spatial variation was minimal in the 
first microsecond of the pulse with no apparent tungsten emission.  Figure 22(a) displays the 
spectra at 500 ns into the pulse for the 5-kHz case and the baseline case; the tungsten emission is 
absent in the 5-kHz spectra compared to its predominance in the baseline spectra.  In Figure 
22(b), the spectra for the 5-kHz case indicate that the only difference spatially between the early 
pulse times and the later times is the region with the greatest intensity.  At the early times, the 
middle region emits the strongest whereas throughout the rest of the pulse, the anode emits with 
the greatest intensity.  The minimal spatial variation for these high-frequency cases is due to the 
thermal energy residual between pulses.  With a much higher duty cycle, significantly less time 
is allotted for the LAFPA cavity to cool between pulses, and the plasma forms and stabilizes 
more rapidly at the start of each pulse. 
The spectra from the 1-A case are shown in Figure 23 for the same pulse delay times 
displayed for the baseline case in Figure 19.  Although the tungsten emission is still dominant at 
the anode, the higher current produces trace tungsten emission from the cathode and in the 
middle region as well at the early pulse delay times.  At the elevated current, much greater 
ionization occurs in the air gap, and the greater ion density leads to more ion bombardment of the 
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cathode after traversing the cathode layer, which causes tungsten ablation at the cathode as well 
as the anode.  In addition, the tungsten emission lingers beyond the first microsecond of the pulse 
at the cathode, indicating that the energy of the ions is large enough just beyond the first 
microsecond of the pulse to continue to cause tungsten ablation due to particle impact despite the 
energy transfer to the molecular species in the air gap contributing the rise in temperature. 
The intermediate-resolution experiments confirmed the temporal trends yielded by the 
high-resolution experiments with the rotational and vibrational temperatures rising significantly 
and abruptly after the early times in a pulse.  It was also established through these experiments 
that optical depth must be taken into account for this system due to the degree of self-absorption 
of the plasma.   
 
 
 
5-kHz Case Baseline Case (1 kHz) 
5-kHz Case 5-kHz Case:  Later Delay Time 
(a) 
(b) 
l – W l – NO l – N
2
 l – OH 
Figure 22:  (a) Comparison of emission spectra for the 5-kHz case and the baseline case at 500 ns  
(b) Comparison of emission spectra for the 5-KHz case at an early pulse time (500 ns) and a later 
pulse time (5000 ns) 
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Figure 23:  Emission spectra for the 1-A case (1 kHz, 1 A, 20-µs pulse-width) resolved spatially into 
three regions – the cathode, middle region, and anode – at four times within and after the 20-µs pulse 
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4.3:  Mach 3 Boundary Layer Characterization and Pulsed Plasma Jet Actuation 
 For the preliminary characterization of the Mach 3 boundary layer and cross-flow, 
schlieren images were first taken of the flow using the pulsed red LED light source to verify that 
the wind tunnel was indeed producing a supersonic flow in the test section.  Figure 24 displays 
the averaged schlieren image of the started flow in the test section.  The three Mach waves that 
are visible are due to imperfections in the 
tunnel joints upstream of the test section 
and are an indication that the flow is indeed 
supersonic. 
PIV experiments were then 
conducted to quantify the flow properties 
and velocity field of this supersonic flow 
and to verify Mach 3 conditions.  
Stagnation and test section static pressure 
data were taken during these experiments.  The PIV and pressure data were used to characterize 
the Mach 3 boundary layer at the tunnel bottom and to establish the baseline flow with which to 
compare the actuated flow.  The turbulent boundary layer profile was established by averaging 
over approximately 1000 image pairs and across a range of points along the streamwise 
direction; this profile is shown in Figure 25.   
 
Figure 25:  Mach 3 turbulent boundary layer profile determined from PIV data 
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Figure 24:  Averaged schlieren image of wind tunnel 
Mach 3 flow 
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The flow and boundary layer characteristics were calculated based on this velocity profile and 
are displayed in Table 4 below.  The freestream flow Mach number, Me, was calculated by 
iterating between the isentropic relations using the ratio of the measured stagnation and static 
pressures and the freestream velocity determined from the PIV data and measured flow 
stagnation temperature.  The remaining properties were calculated using the methods and 
formulas developed by Sun et al.
30
  The substantial unit Reynolds number indicates a highly-
turbulent flow.  The shape factor, H, is slightly higher than that for a typical incompressible 
turbulent boundary layer (1.3).31  In addition, the wake parameter, Π, is significantly higher 
than the typical turbulent boundary layer value of 0.55 for a Mach number between 1.7 and 
10.3.
32
  These two values indicate that the Mach 3 boundary layer in the tunnel is not completely 
in equilibrium.  The boundary layer structure has a tendency to relapse back to the zero pressure 
gradient effects seen by the accelerating flow through the upstream nozzle.  Figure 26 shows the 
theoretical boundary layer profiles generated by the method of Sun et al. compared with the 
experimental PIV data.     
Table 4:  Mach 3 flow and boundary layer characteristics 
Me 3.0737 Reunit (m
-1) 3.4024E+07 
δexperimental (mm) 5.37 Reθ 8965 
δtheoretical (mm) 6.30 δ* 0.8711 
Π 0.9277 θ 0.6469 
Cf 0.00123 H 1.3466 
 
Figure 26:  (a) Experimental and theoretical boundary layer profiles (b) Inner wall coordinates for 
experimental and theoretical turbulent boundary layers  
(a) (b) 
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For the actuation experiments, three capacitor sizes were investigated:  0.25, 2, and 25 
μF.  For each capacitance, the voltage traces for the high-voltage trigger and the capacitor were 
acquired to monitor and record the electrical characteristics of the pulsed plasma jet in a 
supersonic flow.  The averaged voltage traces are shown in Figure 27 for the three different 
capacitor sizes.  For all experiments and capacitor sizes, the capacitor was charged to an electric 
potential of approximately 570 V for the start of each pulse.  As seen in Figure 27, increasing the 
capacitor size resulted in longer capacitor discharge times as more energy is released into the 
pulsed plasma jet cavity.  In addition, any unsteadiness in the capacitor voltage as the capacitor 
discharged was diminished with an increase in capacitance.  For all three capacitors, the 
occurrence of plasma breakdown due to the capacitor discharge was very consistent with no 
misfires recorded during experiments in the low-pressure Mach 3 wind tunnel test section.  
Furthermore, for every pulse, the capacitor discharge also initiated in direct correspondence with 
the drop in voltage of the high-voltage trigger.  This consistency in breakdown confirms the 
conclusion of Paschen’s law that the arc breakdown occurs more readily at a lower electric 
potential as pressure decreases.  Voltage traces were also obtained for the 2 and 25 μF capacitors 
without the flow (at atmospheric conditions) for comparison.  The breakdown was not nearly as 
consistent at the atmospheric conditions with several misfires and occasional capacitor discharge 
at delay times well after the high-voltage trigger voltage drop.  Figure C.1 and Figure C.2 in 
Appendix C compare the voltage traces averaged over the pulses that did not misfire or discharge 
at a later time for the 2 μF and 25 μF capacitors, respectively, in the absence of the Mach 3 flow.  
As predicted by the Paschen curve, the potential of the high-voltage trigger required for 
breakdown is lower in the flow.  In addition, the largest capacitor (25 μF) discharges more 
rapidly at the lower pressure of the Mach 3 flow. 
Phase-locked schlieren images were obtained for various time delays after the initiation 
of single pulses of the pulsed plasma jet in the Mach 3 cross-flow.  Images were acquired using 
both a horizontal and a vertical knife edge orientation.  Figure 28 displays instantaneous 
schlieren images for both the horizontal and vertical knife edge configurations at a delay time of 
100 μs.  The turbulent structures of the freestream flow and both boundary layers are clearly 
seen, and the bow shock induced by the actuator has propagated partway into the freestream.  
Figure 29 displays the averaged vertical knife edge images for the largest capacitor size (25 μF). 
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Figure 27:  Averaged high-voltage trigger and capacitor voltage traces for the pulsed plasma jet in the 
Mach 3 flow for the 0.25, 2, and 25 μF capacitor sizes 
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The first image in Figure 29, displaying the flow 25 μs after the initiation of the high-
voltage trigger discharge, shows the earliest effect of the pulsed plasma jet on the Mach 3 flow.  
A weak bow shock begins to form within the lower boundary layer of the tunnel as a result of the 
emergence of the synthetic jet from the actuator orifice.  As time progresses, the synthetic jet 
generated by the plasma breakdown causes the bow shock inside the boundary layer, which 
propagates outside of the boundary layer and into the Mach 3 freestream flow.  The blast wave 
induced by the synthetic jet is also apparent in this temporal progression.  The schlieren images 
for the 0.25 and 2-μF are displayed in Appendix D and show the same shock formation over time 
as the images in Figure 29. 
The shape of the bow shock that forms within the boundary layer is similar to that 
demonstrated by Gruber et al.
33
 for the injection of a transverse jet into a compressible cross-
flow.  Gruber et al. observed a separation shock caused by near-wall eddies generated by the 
emergence of the jet fluid.  The bow shock formed by the jet follows a path relatively normal to 
the wall until its intersection with the separation shock, which caused the bow shock to curve 
sharply downstream.  However, interaction with the near-wall eddies also tends to result in three 
particular variations of the bow shock shape behavior.  Larger near-surface eddies cause the bow 
shock to curve downstream before the intersection with the separation shock and sometimes even 
to lift higher off the wall.  These behaviors were seen in the instantaneous schlieren images of 
the pulsed plasma jet in the Mach 3 cross-flow.  Figure 28(c) shows an unaffected bow shock 
that begins normal to the wall and curves downstream upon interaction with the separation 
shock.  Figure 28(a) and Figure 28(d) show images where the bow shock deviates from its 
normal orientation near the wall and curves downstream more immediately.  Figure 28(b) is a 
case where the bow shock lifts off of the surface entirely.   
Despite these observations of the bow shock propagation into the boundary layer and 
flow, the direct effect of the pulsed plasma jet on the Mach 3 boundary layer and freestream flow 
structures after the induced bow shock is not apparent in these images.  This is due to the spatial 
integration across the tunnel test section inherent in the process of schlieren imaging.  Therefore, 
to more completely discover the effects of the pulsed plasma jet on the local Mach 3 boundary 
layer and freestream flow structures, PIV experiments need to be conducted.  
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Figure 28:  Instantaneous schlieren images for the 25-μF capacitor at a delay time of 100 μs using the 
(a), (b) horizontal knife edge and (c), (d) vertical knife edge 
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Figure 29:  Vertical knife edge schlieren images at four delay times of the pulsed plasma jet with a 25-
μF capacitor in the Mach 3 cross-flow 
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Chapter 5:  Conclusions 
 
5.1:  LAFPA Spectroscopy Experiments 
To better understand the thermal behavior of electric discharge plasmas for applications 
as active flow control actuators, high, low, and intermediate-resolution emission spectroscopy 
experiments were conducted.  The primary goal of these experiments was to investigate the 
temporal and spatial dependence of the thermo-chemical properties and species formation and 
decay for the localized arc filament plasma actuator (LAFPA).  The results indicate a strong time 
dependence of the rotational and vibrational temperatures of the plasma with temperatures rising 
significantly at the later times in a 20-µs pulse.  Since the emission intensity is greatest nearer the 
voltage breakdown at the start of the pulse, time-integrated spectroscopy seemingly only 
captures the lower temperatures present at the early times of the pulse.  These results suggest that 
the Joule heating effect that causes local disturbance in a flow due to an abrupt localized pressure 
rise – thus inducing a synthetic jet – is dominated by the high temperatures produced during the 
later times in the plasma pulse.  Therefore, quantifying these late-time temperatures is essential 
to characterizing the effectiveness of the heating effect and resulting flow actuation.  This 
analysis was successfully accomplished using the high-resolution spectra obtained in this work; 
rotational and vibrational temperatures were ascertained with the addition of some tungsten 
electronic temperatures for a baseline (1 kHz, 0.25 A) case.  High-resolution spectra were also 
obtained for a 500-Hz, 0.25-A case and a 1-A, 1-kHz case, yielding temperatures to compare to 
those of the baseline case.  The results not only indicate a substantial and abrupt temperature rise 
with time, but they also indicate that the temperatures begin to converge and plateau toward the 
end of the pulse, suggesting a progression over time from a largely non-equilibrium state towards 
thermo-chemical equilibrium, though the temperatures continue to vary at the late times. 
The intermediate-resolution experiments also yielded the conclusion that the assumption 
of optically thin conditions for these electric arc plasmas is not completely valid at all pulse 
delay times.  Optical depth should be considered when generating synthetic temperature fits for 
the emission spectra due to the amount of self-absorption within the plasma system, particularly 
at the late high-temperature times in the pulse.  Though the effect of optical depth on the 
synthetic fits is sometimes minimal, it was shown to impact the rotational temperature values 
characterizing the system.     
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The low-resolution, spatially-resolved experiments indicated significant spatial variations 
of species and intensity distribution in the LAFPA within the first microsecond of a plasma pulse 
with strong tungsten and weaker molecular species emission dominant at the anode.  This trend 
occurs in all cases except at high pulse frequencies and at elevated electrical current.  In the high 
frequency cases, spatial variation is limited to slight intensity differences at the early times with 
the most intense emission occurring in the electrode gap.  The elevated current resulted in trace 
tungsten emission at the cathode and in the middle region that lingered past the first 
microsecond.  In all cases, however, spatial dependence is greatly diminished as the plasma 
stabilizes after roughly the first microsecond.  Throughout the pulse, emission intensity drops 
significantly, confirming that the most intense emission occurs at the earliest pulse times despite 
the increasing temperature over time. 
 
5.2:  Pulsed Plasma Jet Actuation Experiments 
To begin to characterize the effect of a pulsed plasma jet actuator on a supersonic flow 
and boundary layer, schlieren imaging experiments were completed using three different 
capacitor sizes – 0.25, 2, and 25 μF.  Preliminary schlieren imaging and PIV experiments were 
conducted to establish the baseline Mach 3 flow and boundary layer with which to compare the 
actuated flow. 
Voltage traces acquired for each plasma pulse demonstrated that the pulsed plasma jet 
operates very consistently in the low-pressure environment induced by the Mach 3 flow.  This 
consistency is in contrast to the prevalence of actuator misfires at atmospheric conditions.  In 
addition, the capacitor discharge time was less in the supersonic flow conditions.  These results 
are in agreement with the predictions of the Paschen law. 
The schlieren images of the actuated flow indicated the formation of a weak bow shock 
that propagates through the boundary layer and downstream into the freestream flow.  This shock 
is generated by the emergence of the synthetic jet from the actuator orifice as a result of the 
plasma discharge within the pulsed plasma jet cavity.  It lingers and propagates well beyond the 
arc discharge as the jet of heated air is expelled from the cavity.  Nonetheless, the schlieren 
images do not effectively show the effects of the synthetic jet and induced shock on the turbulent 
flow structures themselves both within the boundary layer and in the freestream flow.  PIV 
experiments need to be conducted to truly understand how these flow structures are altered in the 
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Mach 3 flow conditions, particularly in the supersonic boundary layer.  However, the schlieren 
experiments confirm that the pulsed plasma jet is capable of affecting a supersonic boundary 
layer.  
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Appendix A:  High-Resolution Spectra for the 500-Hz and 1-A Cases 
 
 
 
Figure A.1:  High-resolution emission spectra and N2 synthetic temperature fits for the 500-Hz case 
(500 Hz, 0.25 A) at five time intervals over a 20-μs plasma pulse   
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Figure A.2:  High-resolution emission spectra for the 1-A case (1 kHz, 1 A) at five time intervals over a 
20-μs plasma pulse with atomic lines convolved with N2 rotational lines 
 
Figure A.3:  High-resolution emission spectra and N2 synthetic temperature fits for the 1-A case (1 kHz, 
1 A) at five time intervals over a 20-μs plasma pulse with atomic lines removed 
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Appendix B:  Low-Resolution, Spatially-Resolved Spectra 
 
Figure B.1:  Emission spectra for the 500-Hz case (500 Hz, 0.25 A, 20-µs pulse-width) resolved spatially 
into three regions – the cathode, middle region, and anode – at four times within and after the 20-µs 
pulse 
l – W l – NO l – N
2
 l – OH 
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Figure B.2:  Emission spectra for the 5-kHz case (5 kHz, 0.25 A, 20-µs pulse-width) resolved spatially 
into three regions – the cathode, middle region, and anode – at four times within and after the 20-µs 
pulse 
 
 
l – W l – NO l – N
2
 l – OH 
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Figure B.3:  Emission spectra for the 10-us pulse-width case (1 kHz, 0.25 A, 10-µs pulse-width) resolved 
spatially into three regions – the cathode, middle region, and anode – at four times within and after 
the 10-µs pulse 
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Appendix C:  Pulsed Plasma Jet Voltage Traces at Atmospheric 
Conditions 
 
 
Figure C.1:  Averaged high-voltage trigger and capacitor voltage traces for the pulsed plasma jet at 
atmospheric conditions and in the Mach 3 flow for the 2 μF capacitor size 
 
 
 
 
 
(a) 
(b) 
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Figure C.2:  Averaged high-voltage trigger and capacitor voltage traces for the pulsed plasma jet at 
atmospheric conditions and in the Mach 3 flow for the 25 μF capacitor size 
 
 
 
 
 
 
 
(a) 
(b) 
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Figure C.3:  Example of an instantaneous high-voltage trigger and capacitor voltage traces for the 
pulsed plasma jet at atmospheric conditions for the 2 μF capacitor size with delayed capacitor 
discharge 
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Appendix D:  Pulsed Plasma Jet Schieren Images for the 0.25-μF and 2-μF 
Capacitors 
 
Figure D.1:  Vertical knife edge schlieren images at three delay times of the pulsed plasma jet with a 
0.25-μF capacitor in the Mach 3 cross-flow 
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Figure D.2:  Vertical knife edge schlieren images at four delay times of the pulsed plasma jet with a 2-
μF capacitor in the Mach 3 cross-flow 
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